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 minPMSI of a corpse may be estimated by considering the barnacle colonization of 
shoes 
 Barnacles can colonize PLS and SS shoes within one month after placement in seawater 
 Barnacle growth is affected by water temperature but not salinity 
 Barnacles preference is to colonize PLS and the external parts of the shoes  
 
Abstract 
Estimating the time since death (minimum Post Mortem Interval, minPMI) is a necessary 
part of a forensic investigation. Besides considering the typical signs of death, minPMI can 
be estimated using the insects and other arthropods that colonize the remains (forensic 
entomology). In an aquatic environment, both insects and crustaceans may provide 
information regarding the time spent in water of the remains (minimum Floating Interval, 
minFI and minimum Post Mortem Submersion Interval, minPMSI), and this can also assist 
in determining the minPMI.  
Barnacles (Crustacea: Cirripedia) are common crustaceans that colonize solid substrates in 
marine environments and they can be found in association with organic and inorganic 
remains recovered from the sea. Barnacles colonize both floating and submerged remains 
and their growth rate is temperature dependent. Despite their potential to be indicative of 
the minFI and/or minPMSI, only a few case studies have considered it for this purpose, and 













Assuming that the vast majority of the bodies found in the sea are clothed, this research is 
focused on the barnacle colonization of two different types of shoes placed in the sea, in 
order to 1) identify the colonizing species in the chosen environment; 2) identify the 
settlement preferences of the barnacles associated with the shoes; and 3) determine the 
factors affecting the growth rate of the barnacles associated with the shoes.  
In April 2016 64 sport shoes (SS) and 64 patent leather shoes (PLS) were placed in the 
Boston Harbor (MA-USA) at 8/10 meters below sea level. Four of each shoe type were 
collected every two weeks for seven months. Individual barnacles from each shoe were 
sampled and measured to determine species and age. The overall colonization density and 
settlement preference was statistically analyzed.  
Results show that a) Amphibalanus improvisus (Darwin) (Crustacea: Cirripedia: Sessilia) 
colonized the vast majority of shoes; b) colonization occurred in less than 30 days and 
continued throughout the research period; c) a significant difference in colonization 
densities was found between the SS and PLS, with PLS seeing higher densities; d) 
barnacles showed preferential colonization of specific sections on both shoe types; e) 
barnacle growth was found to be significantly affected by water temperature and shoe type 
but not by the time spent in water; f) time spent in water and shoe type had a highly 
significant effect on the total number of barnacles per shoe, whereas water temperature did 
not.   
 
















Aquatic environments can be especially difficult for forensic investigations. Bodies found 
in or near the water can be the result of homicide, suicide, accident, or natural disaster (1-
6). In instances of homicide, bodies may be left in the water after drowning or may be 
dumped into the water in order to cover up a crime. Mass disasters determined by natural 
causes, such as flooding or tsunamis, often result in large numbers of bodies becoming 
displaced as well as being relocated over large distances (7, 8).  
To date, most research into decomposition of human bodies has been conducted in 
terrestrial rather than aquatic systems (9). This is possibly due to the difficulty of carrying 
out research projects in an environment that requires specialized personnel, expensive 
equipment and where remains tend to move from the initial location of the research (10). 
Furthermore, results of experiments may show highly variable results even in similar 
aquatic environments, due to the biogeography of the water body, the type of remains 
involved and the cause of death (3, 4, 11-14). It appears clear that due to the paucity of 
research available in the field, more studies from similar systems but different geographies 
are needed. 
In general, when bodies are left in water, they go through the following stages of 
decomposition: 1) submerged fresh, 2) early floating, 3) floating decay, 4) bloated 
deterioration, 5) floating remains, and 6) sunken remains (2, 11, 15). Furthermore, the 
decomposition process in aquatic environments often results in the formation of adipocere, 













Following this decomposition process, the normal texture of the body tissues will be 
permanently replaced by a wax-like texture (16, 17). The typical decomposition process in 
aquatic environments may be affected by both environmental factors and factors related to 
the body itself. Environmental factors include, but are not limited to, water temperature, 
salinity, water depth, current flow, the season of submergence, availability of the body to 
macro and micro scavengers, water chemistry, and aquatic microbiome (4, 11-13, 18-20). 
Factors related to the body remains and the decomposition process include the effects of 
the presence of clothing, prior trauma, causes of death and floating or heavy items 
connected to the body (8, 21-23). In the majority of the cases, the colder temperatures and 
the absence of the typical insect activity cause the decomposition to occur at a slower rate 
in aquatic systems than terrestrial environments (3).  
Necrophagous insects (mostly Diptera: Calliphoridae, Sarcophagidae, Muscidae) are 
commonly used to estimate the minimum time since death (minimum Post Mortem 
Interval, minPMI) in terrestrial environments (24). In a small number of cases terrestrial 
insects have also been used as an indication of the minimum floating interval (minFI) of 
human remains found in inland waters (25, 26). Aquatic insects of several orders (e.g. 
Trichoptera, Ephemeroptera, Simuliidae, Plecoptera, Diptera: Chironomidae) use the 
carcass as a shelter and they are used as indicators of time spent in water (Post Mortem 
Submersion Interval, minPMSI) of the remains (2, 3, 5, 13, 24). In saltwater environments 
the most common arthropods of forensic importance are crustacean, such as crabs, crayfish, 
and barnacles (2, 10). While crabs and crayfish are motile organisms that fed on the carcass, 













as a shelter (6, 27). Barnacles are comprised of two main orders, Sessilia (acorn barnacles) 
and Pedunculata (goose-neck barnacles) (28). To date, there is a paucity of case studies (1, 
6, 19, 27, 29) and no research projects have estimated the time spent in water of human 
remains found in marine environments using the presence and the growth of barnacle 
species. Bytheway and Pustilnik (2013) (27) considered the glycoproteinous adhesion 
deposits and the size of the barnacles Balanus improvisus (Darwin) (Crustacea: Cirripedia: 
Sessilia) to estimate minPMSI of a human mandible, teeth, and knee bones examined in 
Texas. Based on growth rates of B. improvisus, the minPMSI of the colonized remains was 
estimated to be 375-410 days. Dennison et al. (2004) (29) investigated specimens of 
Notobalanus decorus decorus (Darwin) (syn. Balanus decorus Darwin) (Crustacea: 
Cirripedia: Sessilia), found on a calvaria pulled from the east coast of New Zealand. At 
least two years of growth was determined based on the number of rings present. Based on 
the barnacle growth and time needed for skeletonization, a minPMSI was determined to be 
30-48 months. Magni et al. (2015) (6) investigated Lepas anatifera L. (Crustacea: 
Cirripedia: Peduculata) found on the clothing of a body recovered from the Tyrrhenian sea 
(Italy). A minFI of 65 days was calculated based on the length of the barnacles’ capitulum 
(shelled body of an adult goose-neck barnacle). De Donno et al. (2014) (19) also studied 
L. anatifera to determine the minPMSI for an individual recovered in the Adriatic sea 
(Italy). The barnacle size was consistent with a minimum of 20 days of growth and this 
estimation was in agreement with a minPMSI estimation made using the total aquatic 
decomposition score. In British Columbia Sorg et al. (1997) (1) used the growth of Balanus 













found at sea. The barnacle growth rates were determined to be less than a year old and this 
amount of time was added to the time needed for the remains to skeletonize giving an 
overall estimated minPMSI of approximately 20 months, part of which must have occurred 
in an intertidal zone.   
While there is previous usage of barnacles in case studies, experimental data on barnacle 
colonization and growth rate in a forensic context are lacking. The present research began 
with the assumption that it is more common for bodies to enter the water fully clothed, 
including shoes, whether they enter by means of accident or homicide. Magni et al. (2015) 
(6), discussed how barnacles show a settlement preference for the surface of clothes rather 
than the body itself. The present research aims to identify the species, the settlement 
preference and the factors affecting the growth rate of barnacles colonizing two types of 
shoes (sport shoes VS patent leather shoes) placed in a marine environment (Boston 
Harbor, Boston, MA-USA). Data obtained by this research will be useful in cases in which 
human remains and their common garments are found in the sea, as they will provide a tool 
for a more accurate estimation of time spent in the water, as per minFI, minPMSI and/or 
minPMI. 
 
Materials & Methods  
 
For the purpose of this research, 64 sport shoes (SS, “Boys’ Cross Trainers” by 
Champion®) and 64 patent leather shoes (PLS, “Boys’ Grant Oxford Dress Shoe” by 













children size) and had laces made of cotton. While SS were made of synthetic fabric with 
a plastic sole, PLS were made of leather (Fig. 3).  
Shoes were attached to both the inside and outside of four lobster cages (1.5x1.0x1.0 m, 
Sea Rose Trap Company, Glouster, MA) and each cage had 32 shoes attached using plastic 
zip ties (Fig. 1). Shoes were placed at a minimum of 5 cm apart from each other, in 
alternating order (SS-PLS-SS-PLS). In April 2016, the cages were placed in the Boston 
Harbor at the Massachusetts State Police Marine Unit facility, Boston, Massachusetts, 
located where the Charles River meets the Atlantic Ocean (Lat. 42.36700: Long. 
71.06065). The cages were placed 1.5 meters from each other, at a depth of 8-10 meters 
below the sea level and 1.5 meters above the sea bottom. Since in this location the water is 
brackish and has regular average tides of 3-4 meters (data from the National Oceanic and 
Atmospheric Administration), the cages were attached by ropes to a floating boat pier in 
close proximity to the locks opening up to the Charles River. A data logger (Hobo Ware®) 
was attached to the outside of one lobster cage to record temperature twice a day for the 
duration of the research period. Salinity data were obtained from the Massachusetts Water 
Resources Authority Station 014.    
From April 6th 2016 to May 3rd 2016 the cages and the shoes remained untouched to allow 
sea-life colonization to occur. Starting on May 4th 2016, 28 days from the placement of the 
shoes in water, a total of four of each shoe type (two from the inside of the cage and two 
from the outside of the cage) were randomly chosen and removed every two weeks until 
the end of November. This was achieved by slowly drawing the cages up to a depth of 1 













in plastic zip bags at -20°C (Kenmore® freezer). Each shoe was photographed from above, 
below, and from both sides. The maximum basal diameter (mm) of both smallest and the 
largest barnacle on each individual shoe was measured using digital calipers (GPM®). The 
minimum number of barnacles adhering to each shoe was recorded. This recording was 
qualified as a minimum number of barnacles as newly settled barnacles could not be 
visually determined (<0.5mm of basal diameter). Furthermore, other barnacles were 
partially obscured by other adhering organisms and dense barnacle colonization, making it 
necessary to report the total number of barnacles per shoe as minimum number of barnacles 
present.  
Outlines of the SS and the PLS (Fig. 2) were produced to record the species of the barnacles 
adhering on/in the shoes. Shoe outlines were also divided into sections to record possible 
settlement preferences. The sections on the SS included the insole, tongue, lacing, external 
part, outsole, and sole (Figure 2a), while the sections on the PLS included the insole, 
tongue, lacing, external part, outsole, sole, and heel (Figure 2b). Barnacles were then 
removed from both types of shoes using a scalpel and forceps and sent to a specialist for 
species identification. Barnacles were morphologically identified under a 
stereomicroscope (Leica® MZ8). To note, this research was specifically focused on the 
presence of barnacles on the shoes, however, the presence and the adhering location of 
other aquatic organisms in/on the shoes and the cages was recorded as well. 
Statistical analyses were performed using SPSS (IBM SPSS Statistics Version 25) to 
establish the differences between shoe types and barnacle colonization. A univariate 













multiple factors on barnacle colonization and settlement preferences. These factors 
included water temperature, time spent in the water, shoe type, and salinity. This was 
followed by a two-tailed T-Test to discern whether there was a difference in barnacle 




Barnacle and other sea-life colonization. At each collection date, shoes were selected at 
random from inside and outside the lobster cages. Newly settled barnacles were observed 
on all SS (n=4) and PLS (n=4) after 1 month following the placement of the shoes in the 
harbor for the entire experimental period. 
All the barnacle specimens observed were morphologically identified as Amphibalanus 
improvisus (Darwin, 1854) (Crustacea: Cirripedia: Sessilia) (30-34).  No other barnacle 
species were found adhered to any of the shoes.  
Other organisms found adhered to the shoes included mussels (Mollusca: Bivalvia: 
Mytilidae), seaweed, fungi, bryozoans (comm. moss animals, Bryozoa), Crepidula sp. 
(comm. slipper limpets, Mollusca: Gastropoda) and ascidians (comm. sea squirts, 
Chordata: Ascidiacea) (Fig. 3, 4) (35). Crabs (Crustacea: Decapods) and starfish 
(Echinodermata: Asteroidea) were also found in close association with the shoes (Fig. 4). 
The breakdown of the data regarding the organisms collected at each sampling time is 














Environmental data. The average water temperature over the research period (April 2016-
November 2016) was 15.0°C, with a maximum temperature of 22.0°C and a minimum 
temperature of 4.8°C. For the purposes of data analysis, temperature data were simplified 
into the average water temperature for the amount of time a single shoe was submerged in 
the water. The average salinity level during this time period was 29.53 practical salinity 
units (PSU), with a maximum of 32.31 PSU and a minimum of 15.20 PSU.   
 
Barnacle settlement preferences. In general, the majority of barnacle colonization was 
found on the external part, outsole, sole, and heel (Table 1) but on one occasion barnacles 
were also found on the laces of one shoe belonging to each shoe type. Barnacles were found 
on the tongue of 11 SS and of 8 PLS. On both the SS and PLS, no barnacles were found 
on the insole. It was observed that in both shoe types barnacles found on the laces and 
tongue were generally smaller than those found on the other parts of the shoes.  
 
Colonization and growth rate based on shoe types and on the environmental data.  
The water temperature over the time the shoes were submerged was found to have a 
significant effect on the size of the largest barnacles (F1,126 = 26.0, P<0.001), but did not 
have a significant effect on the total number of barnacles per shoe (F1,126 = 2.2, P>0.05).  
The time spent in the water for both shoe types had a highly significant effect on the total 
number of barnacles per shoe (F1,126 = 9.0, P<0.01), but did not have a significant effect on 
the largest barnacles (F1,126 = 0.4, P>0.50). Salinity had no effect on the size of the largest 













The type of shoe had significant effect on the size of the largest barnacle and the total 
number of barnacles per shoes, with both larger (F1,126 = 4.0, P<0.05) and more (F1,126 = 
36.0, P<0.001) barnacles occurring on PLS (86 barnacles on PLS compared to 39 in SS).  
When water temperature is not considered, the time spent in the water had a highly 
significant effect on the size of the largest barnacles on both shoe types (F1,126 = 234.5, 




The identification of the minPMI, minPMSI and minFI of a corpse or an item connected to 
a corpse may be challenging as only a limited amount of research has been conducted in 
the field of human decomposition and colonization in sea-water and fresh-water 
environments. Generally, the soft tissues of a decomposed corpse are rarely colonized due 
to their slimy texture or the formation of adipocere that does not facilitate the settlement of 
organisms (6, 16, 17).  Furthermore, such tissues are often scavenged by aquatic sea-life 
(mostly crustaceans, fish and sharks) and sea-birds (7, 10, 36). Despite research in the area 
of underwater microbiomes, little is understood about how microbial communities interact 
with carcasses located underwater (37). However, case studies of bodies found in the 
marine environment reported in the literature indicate barnacles are able to colonize bones 
and teeth (1, 27, 29), as well as clothing and shoes associated with a decomposing body (6, 
7, 19). When the environmental conditions are suitable – water temperature is between the 













available – barnacle larvae can settle on a substrate in a very short time (within a few days, 
depending on the water temperature) and then the growth of the juvenile and adult (based 
on the ecology of the species, the water temperature and the availability of nutrients) can 
be considered as a ‘biological clock’ of the minimum time spent by the remains in the water 
(6).  
When barnacles found in association with bones are used as an indicator of minFI or 
minPMSI, any estimations must include both the barnacles’ colonization time and barnacle 
growth period, as well as the skeletonization period (1, 6, 19, 27, 29). However, when 
barnacles colonize substrates found in conjunction with human remains, e.g. clothes or 
shoes, the estimation of the minFI or minPMSI eliminates the need to base estimations on 
the combination of barnacle life cycle and decomposition rates. The time obtained 
estimating the colonization rate of barnacles on a garment may therefore be a better 
indication of the minimum time spent in water and possibly a more accurate determination 
of the minPMI estimation (6). 
The aim of the present research was for the first time to consider the barnacle colonization 
of two types of shoes placed in the sea, providing another tool for forensic investigations. 
Within the 164 shoes placed in the Boston Harbor, barnacles were present on all but 2 
sports shoes. Furthermore, barnacles were able to colonize both SS and PLS in a very short 
time, as specimens were collected from shoes that spent only one month underwater. These 
observations clearly indicate their potential in a forensic context as an indicator of 
minPMSI even after a short period after death/displacement of a body wearing shoes in the 













In this research, the only species of barnacle that was found colonizing the shoes were A. 
improvisus, commonly known as ‘bay barnacles’. This species typically inhabits the 
Western Atlantic as well as portions of the Pacific and Australasia (30).  It is most 
commonly found in brackish water or near the coast in water less than 10 meters deep (30). 
The bay barnacle commonly grows up to 10 mm in diameter and is described as having a 
low, cone-shape shell (38). However, several barnacles sampled in the current research had 
basal diameters larger than 10 mm, indicating their upper growth limit differs based on 
their environment. As other barnacle species, the life cycle of A. improvisus exhibits three 
main phases (35). After sexual reproduction called spermcasting, in which the male 
barnacle releases sperm into the water and the female then capture it and fertilizes her eggs, 
the eggs hatch into larvae (called nauplius) (39). The nauplius larvae then develop into 
cyprid larvae. During both of these swimming phases (nektonic phases), larvae swim freely 
seeking out potential colonization sites. These phases can last from as little as seven days 
up to eight months depending on species and environmental factors (1, 27). Once an 
acceptable site is chosen, cyprid larvae attach and metamorphose into juvenile barnacles 
(1, 6, 27, 40). Once attached, they remain on the chosen substrate permanently (1, 6, 27, 
40, 41).  
Barnacles are considered foundation species and they are typical pioneer organisms that 
establish colonies on substrates (42). Colonization and recruitment of barnacles are 
temperature dependent; colder temperatures in winter, fall, and spring lower recruitment 
rates (42). Continued colonization is affected by population size, not individual barnacle 













because barnacles do not colonize pre-existing communities (43). Barnacles prefer to 
colonize dark, rough, surfaces that offer more protection and surface area (40) and their 
colonization is easier and faster in wave exposed areas and areas where the water column 
has higher concentrations of chlorophyll a (44, 45). Barnacle growth (or barnacle age) is 
dependent on the availability of food and the delivery rate of food (44-47). Higher food 
concentrations and increased wave action allow for higher food delivery and typically 
result in faster barnacle growth and reproduction (44-46). Barnacles often colonize areas 
in conjunction with other marine species, e.g. polychaetes, bivalves, and bryozoans (40, 
41). The size and shape of acorn barnacles, in particular, can change based on the substrate 
to which they adhere too. Barnacles that attach to other barnacles tend to be smaller than 
those attached directly to substrates (47). Amphibalanus improvisus is known to tolerate 
low salinity, high levels of pollution, fresh water exposure, and strong water currents (31, 
32). Amphibalanus improvisus is well documented to being able to colonize a variety of 
substratum including algae, bivalve shells and other living organisms (38, 48). This species 
is also documented to be a successful self-fertilizer, giving them the ability to reproduce 
quickly and in large quantities (48, 49). Previous research has recorded approximately 21 
days between egg production and hatching at 18°C (49). Following hatching, this species 
goes through six nauplius stages. The time needed to complete these stages is temperature 
dependent, (33). Dahlstrom and collaborators reported that when kept at 26-28°C the 
development of A. improvisus from nauplius into cyprid larvae takes 6-7 days (50).  
Following the completion of the last stage, the nauplius metamorphoses into a cyprid 













(51, 52). While it is believed that this species prefers to colonize dark, rough, surfaces that 
offer more protection and surface area (40, 53, 54), this research shows that there were 
higher numbers of barnacles found on the smooth PLS rather than the rough SS. 
Furthermore, only a small number of barnacles were found inside the shoes and on the 
laces. Such barnacles were found on the PLS tongues in the later sample periods, possibly 
due to lack of space on the more desirable regions. Being a filter feeder the internal part of 
the shoe is probably undesirable as there is less water flow and therefore likelihood of food 
being present. From an investigative perspective, with this research it is possible to state 
that the internal parts of shoes as well as the laces have less utility for the purpose of 
estimating the time spent in water of the shoes/corpse connected to it. To note, in a real 
case, the internal part of the shoe would be generally occupied by the corpse’s foot, 
therefore there would be little space for the attachment of barnacles or other sea-life.  
Several studies confirmed that the time of naupliar release and cyprid settlement is variable 
(55-58). In North Carolina, the reproductive peak of A. improvisus is in winter (water 
temperature 5.5-11°C), especially in January (water temperature 7°C) (55); in UK nauplii 
are released from May to late September and settlement has been recorded from May to 
September (56). In the Black sea nauplii start to appear when the water temperature was 
10°C, reaching maximum numbers when the water temperature is 16°C (May) and 
disappearing when water temperature reaches 25°C (57). In Japan, instead, larvae of A. 
improvisus can be found in plankton from June, with 2-3 abundance peaks from August to 
October (58). Overall, in general, a water temperature within a range of 10-30°C is 













recorded in this research (average 15°C, maximum 22°C) fall within this range. This 
research demonstrates that the most important factor to consider when using barnacles to 
estimate colonization periods is the temperature of the water. As barnacle growth 
proceeded, and when it was compared with time, the univariate analysis revealed that 
temperature, not time had a more significant effect on barnacle growth. While it was 
apparent that barnacles grew larger the longer they were in the water, this growth is 
temperature dependent. If this research was carried out in waters with temperatures outside 
of the optimal temperature (10-30°C) range,  regular growth would not be expected (59). 
This is very important to consider when investigating colonization intervals. These two 
factors need to be considered together because in case work if only one factor is considered 
then the resultant FI would be erroneous. However, the current literature lacks complete 
tables of growth for species of barnacles at different water temperatures (6).  This is very 
much akin to insects in the terrestrial environment whereby time and temperature are 
integral when determining a minPMI (24). 
The extent of barnacle colonization (= number of barnacles per shoes, Table 1) is, however, 
dependent on the amount of time a substrate spends in the water. The longer a substrate is 
in the water, the more chances of colonization by new waves of larvae occur. 
Amphibalanus improvisus is a highly reproductive species. The observation of small 
(therefore young) barnacles at each sampling time showed that multiple waves of 
colonization occurred throughout the research period.  
Amphibalanus improvisus is known to survive in low salinity waters. Average salinity 













(Massachusetts Water Resource Authority 2017).  While this may discourage other 
barnacle species from colonizing in this environment, bay barnacles are very much able to 
thrive in Boston Harbor. However, for investigations involving more sensitive species, 
salinity should be considered as a factor of barnacle growth and more research should be 
devoted to this aspect of barnacle ecology.   
Other sea life colonization included ascidians, which became most abundant in this study. 
Ascidians occur worldwide and are sac-like marine invertebrates and filter feeders (60). 
Ascidians were observed colonizing both shoe types from July and continued throughout 
the remainder of the study period. The heaviest colonization was recorded from August to 
September, for both of these shoe types and on the lobster cages (Fig. 4). A visual 
assessment of the colonized shoes indicated that many more ascidians colonized the SS 
than the PLS (Fig. 4c, 4d).  It is possible that the porosity of the SS surfaces allowed for 
easier adherence for the ascidians. While it was originally believed that the ascidians were 
possibly out-competing barnacles for colonization surface, no decrease in the barnacle 
colonization was observed for the sample periods within the ascidian colonization time 
period. (Table 1). No other species, found in association with the shoe types, seemed to 
have any relevance on the estimation of colonization intervals or minPMSI.   
Similar to any type of minPMI estimation based on insect growth, it will be necessary to 
collect growth data for different species in their specific living environments and in the 
laboratory under controlled conditions. It is well established in the field of forensic 
entomology that environment and temperature can have varying effects on the growth rates 













temperature (31). In order to make accurate colonization interval estimations in a forensic 
context based on barnacle growth, the growth of this and other common barnacle species 
at known temperatures must be considered.    
As a final comment, not all bodies that enter the water wear shoes and in some cases shoes 
will be lost while the body is drifting. This is particularly true for shoes without laces. It is 
therefore necessary to determine barnacle colonization on other substrates such as other 
clothing materials. The current research occurred between spring and fall, and future 
research should also be conducted during the winter months as growth may subside during 
winter. As the data from this research indicate, water temperature is the most significant 
factor in affecting barnacle growth. In areas where there are large differences in marine 
temperature throughout the year, barnacle growth may be more variable than in areas with 


















1. Sorg MH, Deaborn JH, Monahan EI, Ryan HF, Sweeney KG, David E. Forensic 
taphonomy in marine context. In: Haglund WD, Sorg MH, editors. Forensic taphonomy 
The post mortem fate of human remains. Boca Ranton: CRC; 1997. p. 567-604. 
2. Merritt RW, Wallace JR. The role of aquatic insects in forensic investigations. In: 
Byrd JH, Castner JL, editors. Forensic entomology The utility of arthropods in legal 
investigation. 2 ed. Boca Raton, FL: CRC Press; 2010. p. 271-319. 
3. Hobischak NR, Anderson GS. Time of submergence using aquatic invertebrate 
succession and decompositional changes. J Forensic Sci 2002;47(1):142-51. 
4. Heaton V, Lagden A, Moffatt C, Simmons T. Predicting the postmortem 
submersion interval for human remains recovered from UK waterways. J Forensic Sci. 
2010;55:302-7. 
5. Magni PA, Borrini M, Dadour IR. Human remains found in two wells: a forensic 
entomology perspective. Forensic science, medicine, and pathology. 2013;9(3):413-7. 
6. Magni PA, Venn C, Aquila I, Pepe F, Ricci P, Di Nunzio C, et al. Evaluation of the 
floating time of a corpse found in a marine environment using the barnacle Lepas anatifera 
L. (Crustacea: Cirripedia: Pedunculata). Forensic science international. 2015;247:e6-e10. 
7. Ribereau-Gayon A, Rando C, Schuliar Y, Chapenoire S, Crema E, Claes J, et al. 
Extensive unusual lesions on a large number of immersed human victims found to be from 
cookiecutter sharks (Isistius spp.): An examination of the Yemenia plane crash. 













8. Olivieri L, Mazzarelli D, Bertoglio B, De Angelis D, Previdere C, Grignani P, et 
al. Challenges in the identification of dead migrants in the Mediterranean: The case study 
of the Lampedusa shipwreck of October 3rd 2013. Forensic science international. 
2018;285:121-8. 
9. Haglund WD, Sorg MH. Forensic taphonomy. The postmortem fate of human 
remains. Boca Ranton: CRC Press; 1997. 
10. Anderson GS. Decomposition and invertebrate colonization of cadavers in coastal 
marine environments. In: Amendt J, Goff ML, Campobasso CP, Grassberger M, editors. 
Current concepts in forensic entomology: Springer; 2010. p. 223-72. 
11. Haglund WD. Disappearance of soft tissue and the disarticulation of human 
remains from aqueous environments. J Forensic Sci. 1993;38:806-25. 
12. Davis JB, Goff ML. Decomposition patterns in terrestrial and intertidal habitats on 
Oahu Island and Coconut Island, Hawaii. J Forensic Sci. 2000;45(4):836-42. 
13. Barrios M, Wolff M. Initial study of arthropods succession and pig carrion 
decomposition in two freshwater ecosystems in the Colombian Andes. Forensic Sci Int. 
2011;212:164-72. 
14. Smith CR, Baco AR. Ecology of whale falls at the deep-sea floor  
. Oceanogr Mar Biology Annu Rev. 2003;41:331-54. 
15. Zimmerman K, Wallace J. The Potential to determine a postmortem submersion 
interval based on algal⁄diatom diversity on decomposing mammalian carcasses in brackish 













16. Stuart BH, Notter SJ, Dent B, Selvalatchmanan J, Fu S. The formation of adipocere 
in model aquatic environments. International journal of legal medicine. 2016;130(1):281-
6. 
17. Kahana T, Almog J, Levy J, Shmeltzer E, Spier Y, Hiss J. Marine taphonomy: 
adipocere formation in a series of bodies recovered from a single shipwreck. J Forensic 
Sci. 1999;44(5):897-901. 
18. Dumser T, Türkay M. Postmortem changes of human bodies on the Bathyal Sea 
Floor - Two cases of aircraft accidents above the open sea. J Forensic Sci. 2008;53:1049-
52. 
19. De Donno A, Campobasso CP, Santoro V, Leonardi S, Tafuri S, Introna F. Bodies 
in sequestered and non-sequestered aquatic environments: a comparative taphonomic study 
using decompositional scoring system. Sci Justice. 2014;54:439-46. 
20. Benbow ME, Pechal JL, Lang JM, Erb R, Wallace JR. The potential of high-
throughput metagenomic sequencing of aquatic bacterial communities to estimate the 
Postmortem Submersion Interval. J Forensic Sci. 2015. 
21. Mateus M, Pablo H, Vaz N. An investigation on body displacement after two 
drowning accidents. Forensic science international. 2013;229:e6-e12. 
22. Mateus M, Pinto L, Chambel-Leitão P. Evaluating the predictive skills of ocean 
circulation models in tracking the drift of a human body: a case study. Australian J Forensic 
Sci. 2014;47(3):322-31. 
23. Pampı́n J, Rodrı́guez B. Surprising drifting of bodies along the coast of Portugal 













24. Byrd JH, Castner JL. Forensic Entomology – The utility of arthropods in legal 
investigation. 2 ed: CRC Press, Boca Raton, FL, USA; 2010. 
25. Magni PA, Massimelli M, Messina R, Mazzucco P, Di Luise E. Entomologia 
Forense. Gli insetti nelle indagini giudiziarie e medico-legali: Ed. Minerva Medica; 2008. 
26. Mann RW, Bass WM, Meadows L. Time since death and decomposition of the 
human body: variables and observations in case and experimental field studies. J Forensic 
Sci. 1990;35(1):103-11. 
27. Bytheway JA, Pustilnik SM. Determining postmortem interval using 
glycoproteinous adhesion deposits by Balanus improvisus on human skeletal and dental 
remains. J Forensic Sci. 2013;58(1):200-5. 
28. Higgs ND, Pokines JT. Marine environmental alterations to bone. In: Pokines JT, 
Symes SA, editors. Manual of forensic taphonomy. London, UK: CRC Press; 2013. p. 143-
79. 
29. Dennison KJ, Kieser JA, Buckeridge JS, Bishop PJ. Post mortem cohabitation-shell 
growth as a measure of elapsed time: a case report. Forensic science international. 
2004;139(2-3):249-54. 
30. Carlton JT, Newman WA, Pitombo FB. Barnacle invasions: introduced, 
cryptogenic, and range expanding cirripedia of North and South America 
. In: Galil BS, Calrk PF, Carlton JT, editors. In the wrong place-alien marine crustaceans: 













31. Darwin CR. A monograph on the sub-class Cirripedia, with figures of all the 
species. The Balanidae (or sessile cirripedes); the Verrucidae, etc. . London, UK: The Ray 
Society; 1854. 684 p. 
32. Tarasov NE, Zevina GB. Cirripedia Thoracica of the seas of the USSR. Fauna 
SSSR, 69. . Leningrad: Zoologicheskii Institut Akademii Nauk SSSR; 1957. 
33. O'Connor NJ, Richardson DL. Effects of bacterial films on attachment of barnacles 
(Balanus improvisus Darwin) larvae: laboratory and field studies. J Exp Mar Bio Ecol 
1996;206:69-81. 
34. Sjogren M, Dahlstrom M, Hedner E, Jonsson PR, Vik A, Gundersen LL, et al. 
Antifouling activity of the sponge metabolite agelasine D synthesised analogous on 
Balanus improvisus. Biofouling. 2008; 24(4):251-8. 
35. Pollock L. A practical guide to the marine animals of northeast North America. 
New Jersey: Rutgers University Press; 1997. 
36. Ribereau-Gayon A, Carter DO, Regan S. New evidence of predation on humans by 
cookiecutter sharks in Kauai, Hawaii. International journal of legal medicine. 2018;131:1-
7. 
37. Dickson GC, Poulter RT, Maas EW, Probert PK, Kieser JA. Marine bacterial 
succession as a potential indicator of postmortem submersion interval. Forensic science 
international. 2011;209(1-3):1-10. 
38. Southward A. Barnacles: keys and notes for the identification of British Species 













39. Cressey D. Barnacles trust their sperm to the waves. Nature News, Springer Nature. 
2013. 
40. Anderson MJ, Underwood AJ. Effects of substratum on the recruitment and 
developments of an intertidal estuarine fouling assemblage. J Exp Mar Bio Ecol 
1994;184(217-236):217-36. 
41. Pokines JT, Higgs N. Macroscopic taphonomic alterations to human bone 
recovered from marine environments. J For Ident. 2015;65:953-84. 
42. Yakovis EL, Artemieva AV, Fokin MK, Varfolomeeva MA, Shunatova NN. 
Synchronous annual recruitment variations in barnacles and ascidians in the White Sea 
shallow subtidal 1999-2010. Hydrobiologia. 2013;706(69-79). 
43. Chalmer PN. 1Settlement patterns of species in a marine fouling community and 
some mechanisms of succession. J Exp Mar Biol Ecol 1982;58:73-85. 
44. Bertness MD, Gaines SD, Bermudez D, Sanford E. Extreme spatial variation in the 
growth and reproductive output of the acorn barnacle Semibalanus balanoides. Mar Ecol 
Prog Ser. 1991;75:91-100. 
45. Burrows MT, Jenkins SR, Robb L, Harvey R. Spatial variation in size and density 
of adult and post-settlement Semibalanus balanoides: effects of oceanographic and local 
conditions. Mar Ecol Prog Ser 2010;398:207–19. 
46. Sanford E, Bermudez D, Bertness M, Gaines S. 1Flow, food supply and acorn 













47. Silina AV, Ovsyannikova II. Variability in morphology of the shell of the barnacle 
Balanus rostratus, under different conditions of growth (Cirripedia, Thoracica) 
Crustaceana. 2000;73:519-24. 
48. Weidema IR. Introduced species in the nordic countries2000. 242 p. 
49. E.R. F, Yule AB. Self-fertilisation in Balanus improvisus Darwin. J Exp Mar Bio 
Ecol. 1990;144(2-3):235-9. 
50. Dahlstrom M, Mertensson LGE, Jonsson PR, Arnebrant T, Elwing H. Surface 
active adrenoceptor compounds prevent the settlement of cyprid larvae of Balanus 
improvisus. Biofouling. 2000;16(2-4):191-203. 
51. Smyth FGW. Effect of water currents upon the attachment and growth of barnacles. 
. Biol Bull . 1946;90(1):51-70. 
52. De Wolf P. Ecological observations on the mechanisms of dispersal of barnacle 
larvae during planktonic life and settling. Neth Journal Sea Res. 1973;6(1-2):1-129. 
53. Rainbow PS. An introduction to the biology of British littoral barnacles. Field 
Studies  1984;6:1-51. 
54. Shalaeva EA. Juvenile Cirripedia in in the marine epibioses. In: Karpov VA, editor. 
Proceedings of the scientific conference, Adler: Ecological problems of the equipment and 
materials durability Theory and practice of the field experiment. Moscow, Russia: Russian 
Academy of Science; 1997. p. 116-23. 
55. McDougall KD. Sessile marine invertebrates of Beaufort, North Carolina. A study 
of settlement, growth, and seasonal fluctuations among pile-dwelling organisms. 













56. Jones LWG, Crisp DJ. The larval stages of Balanus improvisus Darwin 
Proceedings of the Zoological Society of London, 123:765-780. 1954;123:765-80. 
57. Shalaeva EA, Lisitskaya EV. Seasonal dynamics of the numbers of larvae of 
common fouling organisms in Balaklava Bay (Black Sea). Biologia Morya. 
2004;30(6):432-9. 
58. Korn OM. Larvae of the barnacle Balanus improvisus in the Sea of Japan. Biologia 
Morya. 1991;1:52-62. 
59. Bousfield EL. The distribution and spawning seasons of barnacles on the Atlantic 
coast of Canada. Natl Museum Can Bull. 1954;132:112-54. 
60. Ruppert EE, Barnes RD. Invertebrate zoology. 6th ed: Fort Worth: Saunders 




















Figure 2. Outlines used to identify the different regions of the sport shoes (a) and patent 




















483 period of the research (May-November 2016). Sport shoes collected on a) 04.05.2016; 
b) 
484 01.06.2016; c) 13/07/2016; d) 24/08/2016; e) 21/09/2016; f) 19/10/2016; g) 
02/11/2016. 
485 Patent leather shoes collected on h) 04.05.2016; i) 01.06.2016; l) 27/07/2016; m) 
10/08/2016; 






















Figure 4. Ascidians colonization on the cage used for the research (a, b), on the sport shoes 
490 (c, collected on 10/08/2016) and on the patent leather shoes (d, collected on 
07/09/2016, a 
















Table 1: Breakdown of data regarding the number of barnacles collected at each sampling 
date for the sport shoes (a) and the patent leather shoes (b). The number reported in each 




Minimum number of barnacles per shoe regions 





























9 0 15 0 0 13 37 4 
18/05/201
6 
48 0 45 0 0 33 126 4 
01/06/201
6 
19 0 53 2 1 54 129 4 
15/06/201
6 
11 0 37 0 0 13 61 4 
29/06/201
6 
3 0 2 0 0 3 8 2 
13/07/201
6 
11 0 46 0 0 149 206 4 
27/07/201
6 















11 0 19 0 0 44 74 4 
24/08/201
6 
8 0 49 0 0 74 131 4 
07/09/201
6 
10 0 53 1 0 105 169 4 
21/09/201
6 
32 0 76 8 0 127 243 4 
05/20/201
6 
6 0 41 0 0 84 131 4 
19/10/201
6 
16 0 19 7 0 91 133 4 
02/11/201
6 
11 0 25 0 0 110 146 4 
16/11/201
6 
13 0 32 1 0 82 128 4 
30/11/201
6 
200 0 163 30 0 139 532 4 
tot 420 0 727 60 1 1271 2479 62 
(b) 
 
Patent Leather Shoes 
Minimum number of barnacles per shoe regions 
(data combined for the 4 shoes collected at each sampling time) 
Sampling 
date 


























04/05/2016 47 0 7 0 0 73 0 127  4 
18/05/2016 30 0 2 0 0 170 0 202 4 
01/06/2016 10 0 13 0 0 121 13 157 4 
15/06/2016 55 0 29 0 0 82 38 204 4 
29/06/2016 57 0 0 0 0 12 11 80 4 
13/07/2016 22 0 12 0 0 98 13 145  4 
27/07/2016 78 0 77 0 0 220 29 404 4 
10/08/2016 160 0 50 0 0 176 62 448  4 
24/08/2016 120 0 73 0 0 227 104 524 4 
07/09/2016 129 0 30 2 1 252 40 454 4 
21/09/2016 172 0 48 16 0 257 48 541 4 
05/10/2016 73 0 49 12 0 210 81 425 4 
19/10/2016 245 0 34 4 0 164 68 515 4 
02/11/2016 126 0 30 0 0 124 34 314 4 
16/11/2016 55 0 22 2 0 83 60 222 4 
30/11/2016 60 0 20 0 0 650 9 739 4 














Table 2: Breakdown of data collected at each sampling date including average temperature, 
and minimum and maximum size of barnacles present. Other organisms present per shoe 
type: mussels (Mollusca: Bivalvia: Mytilidae), algae, fungi, bryozoans (comm. moss 
animals, Bryozoa), Crepidula sp., (comm. slipper limpets, Mollusca: Gastropoda), 
ascidians (comm. sea squirts, Chordata: Ascidiacea), crabs (Crustacea: Decapods), starfish 


























04/05/2016 7.5 37 
0.45-
2.40 
n.a. 127 0.58-2.31 
bryozoans 
18/05/2016 8.4 126 
1.35-
3.50 
n.a. 202 0.95-3.96 
bryozoans 











































































































































































30/11/2016 15.7 532 
1.36-
9.19 
Crepidula 
sp., algae, 
ascidians, 
bryozoans 
739 0.55-9.80 
Crepidula 
sp., 
ascidians, 
bryozoans 
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